We have calculated the s-and p-polarized far infrared magnetoplasmon spectra of doped CdTe-Cd1−xMnxTe multi quantum wells in the presence of a static magnetic field up to 20 T parallel to the surface of the layers using a macroscopic model based on effective medium theory, using a novel approach which gives a good account of the data together with a clear physical interpretation of the various spectral features, such as the free carrier and optical phonon properties. The results show that the transverse optical modes (for the whole composition range, x = 0 to 1) are sensitive and change linearly with respect to the composition parameter. In p-polarized reflectivity the cyclotron resonance experiences a blue shift when the magnetic field strength increases. Also, the analysis of the dielectric tensor function and the Voigt dielectric function is used to determine the carriers' cyclotron effective masses (for both holes and electrons) as a function of composition. Furthermore, a modified random element iso-displacement approach has been extended for the multi layers to analyze the influence of the composition on the optical phonon response in the barrier layer.
Introduction
Recent progress in growth techniques, such as metalorganic vapour-phase epitaxy (MOVPE) and molecular beam epitaxy (MBE), makes it possible to study optical properties of CdTe-Cd 1−x Mn x Te multi quantum well (MQW). Dilute magnetic semiconductors (DMS) CdTeCd 1−x Mn x Te have attracted much attention both from a fundamental physics point of view as well as for novel device applications [1, 2] because of their giant and tuneable spin-splitting which is of great importance for spintronics. This structure has provided us with an ideal system to study these interesting physical properties.
The effective medium approach has been applied for analysis of experimental results on doped semiconductor MQW, so that the infrared response was due to free carriers (plasma response) as well as optical phonons. There should be advantage in extending work of this kind by inclusion of an applied magnetic field so that dielectric tensor takes a magnetoplasma form. In order to get the complete form of dielectric tensor in the infrared in general we include both optical phonon and magnetoplasma terms. The effect of the external magnetostatic fields on the optical response in MQWs has been the subject of active research during the last decade. According to the direction of the applied magnetic field three configurations are defined: the perpendicular [3, 4] , Faraday [5, 6] and Voigt [7, 8] configurations. * corresponding author; e-mail: saber@guilan.ac.ir
The effective masses of the carriers (electrons and holes) are the basic parameters for semiconductor MQWs. However, only limited data have been reported so far for the II-VI family of MQWs [9] . In doped samples there exist the longitudinal optical phonon-plasmon coupled (LPP) modes, which are interesting for physical interactions between the lattice vibration and free carriers, and can be directly investigated using infrared magnetoplasmon reflectivity spectra. Cyclotron resonance is an excellent method for obtaining the effective mass of carriers.
By changing the ratio of Mn in the barriers (Cd 1−x Mn x Te) it is possible to tune the magnetic properties. This material seems to be very useful for use as the barrier material in spintronic devices. The lattice dynamics of bulk Cd 1−x Mn x Te has been investigated in detail, both experimentally and theoretically in the absence of external magnetic field [10] . In the previous work, we present magneto-optical properties of doped Cd 1−x Mn x Te alloy [11] . However, despite progress in device performance, understanding of optical and structural properties of the doped CdTe-Cd x Mn 1−x Te MQWs is still not satisfactory.
The purpose of this work to investigate the phonon and free carrier properties of semi-magnetic CdTeCd 1−x Mn x Te multi quantum wells by far infrared magneto-reflectivity as a function of composition, x, and applied magnetic field, B. Calculations have been carried out for the Voigt configuration (the magnetic field parallel to the surface and perpendicular to the direction of the propagation). Also, we calculated the optical phonon frequencies by using a modified random element iso-displacement (MREI) model [11] which we extended for the doped multilayer structure.
Magnetoplasmon dielectric tensor of MQWs
One of the main parameters needed for optoelectronics device design is the interaction of free carriers with photon in the low frequency region. The detailed and accurate knowledge of the dielectric function is necessary to evaluate the optical absorption of materials. In the far infrared, optical propagation frequency occurs in the long wavelength regime λ d, where λ is the optical wavelength and d the MQW period. In this case it might be expected that the equation for optical propagation reduced to those for a bulk uniaxial medium [12] , since the macroscopic symmetry of the MQW is uniaxial with uniaxis normal to the layers. In general, the dielectric tensor characterise the response of a medium to electromagnetic waves. The influence of the elementary excitation (plasmon and optical phonon), can be included by means of an appropriate contribution to the dielectric tensor. A schematic drawing of the Voigt configuration and the coordinate axes used for the calculations for MQWs made up of two alternating semiconductor layers is shown in Fig. 1 . For CdTe-Cd x Mn 1−x Te MQWs with a two-component magnetoplasma, i.e. electrons and holes and optical phonons, the frequency-dependent dielectric tensor is anisotropic and given by [13] [14] [15] :
with elements,
(4) and
where
are the volume fractions occupied by layer a and b. We take the basic components in the forms
where ω T j is the TO phonon frequency, Γ T j is the phonon damping parameter and S j is the oscillator strength. The plasma frequency of free carriers for layer α (a or b) is defined as:
and the cyclotron frequency for layer α (a or b) is defined by:
where ε α ∞ the background dielectric constant, N α µ is the carrier concentration and m * α µ is the cyclotron effective mass for carrier µ (e or h).
The Voigt dielectric function depends on the cyclotron frequency and is given by
which gives the general behaviour of p-polarized reflectivity and for MQW is given by
Results and discussion
In this section we present the numerical investigation of the optical and electronic properties of CdTeCd 1−x Mn x Te MQWs. For our study we used MQW samples which contain 200 periods with nominal CdTe well width 10 nm and Cd 1−x Mn x Te barrier width 20 nm with manganese concentration in the range 0 < x < 1, and the carrier concentrations are n e = 2 × 10 12 cm −2 and n h = 1 × 10 9 cm −2 .
For the numerical calculations, the phonon frequencies are calculated using an MREI model [11, 16] which we extended for the doped multilayer structure.
The dependence of the effective masses of electrons and holes in the CdTe-Cd 1−x Mn x Te MQWs are given respectively by [17, 18] :
There exist many parameters which affect on the effective mass of carriers in the CdTe-Cd 1−x Mn x Te MQWs, such as growth direction, well width, strain, polaron effect due to the electron-phonon interaction [19, 20] . Equations (13) and (14) give only the dependence of the effective mass to composition and the effect of the other parameters is ignored. Parameters used to model the far infrared magnetoplasma reflectivity at room temperature are presented in Table. The analysis uses the s (electric field E parallel to external magnetic field B 0 )-and p (magnetic field H parallel to B 0 )-polarized far infrared oblique incidence reflectivity in the Voigt configuration by considering the interaction of infrared radiation with MQWs, by using a transfer matrix method. In long wavelength limit, the optical properties of MQWs are satisfactorily described by an effective medium bulk slab model modified to take account of the effect of the quasi-two-dimensional behaviour on the plasmon in the wells. In Fig. 2 we plot the frequency dependence of the real part of the Voigt dielectric tensor as a function of wave number and magnetic field for a two-component magnetoplasma (electrons and holes) in doped CdTeCd 1−x Mn x Te MQWs from which the effects of the optical phonons were excluded. The features in Fig. 2 marked by arrows come from the cyclotron resonance of holes (h) and electrons (e) respectively. The frequencies of all magnetoplasma cyclotron resonance (both electron and hole) features and the positions of zeros in ε V are directly related to the carrier effective masses and are functions of the applied magnetic field. Figure 3 shows the variation of the real part of the Voigt tensor as a function of ω and B for x = 0.8 when the optical phonon response is included in the dielectric tensor.
As shown in Fig. 3 the positions of the optical phonon features are (as indicated by arrows) independent of the magnetic field. The real part of the Voigt dielectric function as a function of composition, x, and frequency, ω, is illustrated in Fig. 4 for B = 10 T, in which the magnetoplasmon and the phonon term have been included in the analysis of the calculated data. The oscillator strength of the sample shows composition dependence and the positions of the CdTe-like and MnTe-like modes are shifted (Fig. 4) . According to the theoretical MREI calculation the Cd 1−x Mn x Te barrier layer should exhibit two-mode behavior [11] . The p-polarized 45
• oblique incidence power reflectivity spectra are presented in Fig. 5 for doped CdTe-Cd 0.6 Mn 0.4 Te MQW for several magnetic fields up to 20 T, in which we have omitted any contribution from optical phonons.
All resonances in the Voigt permittivity (Fig. 4) show up as quite strong features in the p-polarized reflectivity (Figs. 5 and 6 ). The barrier layers (Cd 1−x Mn x Te) show two-mode phonon behaviour in the spectral range from about 140 to 210 cm −1 . The transverse optical CdTe--like and MnTe-like sublattice phonon modes are at wave numbers of about 141.40 and 185.00 cm −1 , respectively. The reststrahlen band of the CdTe (well layers) is located between the TO (141 cm −1 ) and the plasma shifted LO (167 cm −1 ) frequencies. The p-polarized magnetoplasmon reflectivity experiences a blue shift when the magnetic field strength increases (below 110 cm −1 ). In high magnetic fields the electron cyclotron frequency occurs in the CdTe-sublattice frequency region, so that the magnetoplasma features will mix with and be shifted by the optical phonon modes. Let us note the sharp resonance near the ω LO = 210 cm −1 (MnTe-like) mode due to absorption of p-polarized light which is well known as the Berreman effect [21] . In Fig. 7 the CdTe-like and MnTe--like ω T O frequencies shift gradually with variation of composition, x.
In Fig. 8 , we compare the magneto-optical response of the p-and s-polarized reflectivity. All features in the s-polarization spectrum (Fig. 8b) are independent of the magnetic field as expected because the s-polarization reflection is dependent on the dielectric component ε 3 (Eqs. (7)) which is independent of the electron and hole cyclotron resonances. The feature in s-polarization reflectivity marked by an arrow was assigned to the plasma response (below 80 cm −1 ). In polar semiconductors, plasmon of free carriers intract with longitudinal optical (LO) phonon via macroscopic electric field. Due to the effect of the LO phonon-plasmon coupling (polaronic effects) the frequencies of the LO phonons are shifted [9, 22] and allow the determination of the free carrier concentration and it is the only significant effect of the plasmon on the phonon response. The experimental results have shown that the polaronic effects on the effective mass of MQWs are reduced in comparison with the results for the bulk semiconductor [9] .
Dramatic changes in the band structure and lattice parameters result from a change in the Mn composition in the barrier layers. The oscillator strength of the MnTe sublattice resonance increases with increasing Mn composition and this can be used to monitor the composition rate.
Conclusion
We have used the far infrared polarized magnetoplasmon reflectivity in the Voigt configuration as a novel approach for the non-destructive optical characterization of the free carriers' cyclotron masses, carrier concentrations and optical phonon properties of CdTe-Cd 1−x Mn x Te MQWs as a function of Mn concentration. The effective medium approach and magnetoplasmon dielectric tensor in which we include both optical phonon and magnetoplasma terms are employed for the analysis of the polarized reflectivity data. An MREI model that we extended for doped multilayer samples has been used to calculate the optical phonon frequencies of CdTe-Cd 1−x Mn x Te MQW: Cd 1−x Mn x Te exhibits 2-mode phonon behaviour, with the phonon modes sensitive to composition. The MnTe-like TO phonon frequency is sensitive to the Mn fraction and shows a blue shift with increasing Mn concentration in the barrier (Cd 1−x Mn x Te) layers. Also due to the polaronic effect (plasmon-LO phonon coupling) the frequency of the LO phonon plasma shifted MnTe--like mode is sensitive to the free carrier concentration. Furthermore, the effective cyclotron mass of both species of carriers as a function of Mn concentration can be measured by using the plasmon and cyclotron resonance frequencies. In addition, it is important to provide an accurate description of the vibrational properties because they play a significant role in determining some material properties such as the inter-atomic forces and electronphonon interactions.
